Three-dimensional-porous scaffolds of bone graft substitutes play a critical role in both cell targeting and transplantation strategies. These scaffolds provide surfaces that facilitate the response of stem cells related to attachment, survival, migration, proliferation, and differentiation. Objective: The aim of this study was to evaluate the in vitro behavior of human dental pulp mesenchymal stem cells cultured on scaffolds of polylactic/ polyglycolic acid with and without hydroxyapatite. Method: We performed an in vitro experimental study using dental pulp stem cells obtained from samples of premolars, molars. The cells were cultured on scaffolds with osteogenic differentiation medium. Cell proliferation, adhesion and cell differentiation to an osteoblastic linage in the biomaterial were evaluated at three different time points: 7, 15 and 30 days. Each experiment was performed in triplicate. Analysis of the data was performed with the Split Plot block and MANOVA model. Results: The differentiation capability of hDPSCs towards the osteoblast lineage was better in the scaffold of PLGA/HA at 7, 15 and 30 days, as indicated by the high expression of osteogenic markers RUNX2, ALP, OPN and COL-I, compared
Introduction
Human dental pulp stem cells (hDPSCs) possess the capability of multi-lineage differentiation (Gronthos et al., 2000) . These cells have great potential in tissue engineering because of their low morbidity after collection, easy surgical access, ability to be cryopreserved, ability to be recombined with many scaffolds and immuno-privilege and anti-inflammatory abilities (Bansal et al., 2015; Yan et al., 2011) . Several studies have reported that hDPSCs can differentiate into osteoblasts and thus have a great potential for bone tissue engineering (Das and Zouani, 2014; Graziano et al., 2008) .
Millions of patients worldwide have bone defects as a result of trauma, congenital abnormalities, cancer resection or deforming diseases (Rose and Oreffo, 2002) . The frequency of these conditions is bound to the continuous growth in world population, particularly due to the increase in life expectancy (Michel et al., 2015) . Conventional solutions to these issues include replacing the damaged bone tissue with either autologous or allogeneic bone grafts. Autologous grafts are the gold standard during bone restoration but present disadvantages for patients related to the increase of pain, morbidity and a limited supply of obtained bone. The disadvantages of allogeneic sources include immunogenic response and tissue rejection, which decrease the possibility of host integration (Mata et al., 2002) . Bone tissue engineering has emerged as a highly promising approach to develop biologically active bone substitutes to restore, maintain and improve bone tissue (Boskey, 2001; Martino et al., 2012) .
The focus of this research was the use of bone tissue engineering as a therapeutic strategy to handle bone critical size defects. It is well known that cells respond differently to surfaces of different materials. In this perspective, Caplan and Shah (2009) suggest that cell interpretation in response to a biomaterial reflects a central paradigm in tissue engineering studies. Following this research scope, we suggest that the understanding of the intracellular signaling mechanisms involved with cell adhesion, proliferation and differentiation on the implant surface is fundamental for the conception of new materials.
The purpose of the study was to analyze the in vitro behavior of dental pulp stem cells on Poly-(lactide-co-glycolide-acid) scaffolds with and without hydroxyapatite. 
Materials & methods

Isolation and culture of human dental pulp stem cells
Three wisdom teeth were obtained from one male (age 19 years) and two females (age 14 years and 22 years) donors at the Dental Clinic at El Bosque University with written informed consent approved by the Ethics Committee. After separation of the crown and root, pulp tissue was digested with 3 mg/mL collagenase type I (Sigma, USA) and 4 mg/mL dispase (Sigma, USA) for 2 h at 37 C. The cells were then cultured in Dulbecco's modified Eagle's medium low glucose (DMEM) (HyClone) supplemented with 10% fetal bovine serum (FBS, HyClone), 100 U/mL penicillin G and 100 mg/mL streptomycin at 37 C under 5% CO 2 .
Characterization of the hDPSCs primary culture, BMSCs cells (ATCCÒ PCS-500-012Ô), ADSCs (Lonza Catalog#: PT-5006) was conducted by flow cytometry using antibodies against CD34, CD73, CD90, CD105 and CD45 (MACS Miltenyi Biotec), according to the Mesenchymal and Tissue Stem Cell Committee of the International Society for Cellular Therapy to define human MSCs consensus (Dominici et al., 2006; Kimmelman et al., 2016) . hDPSCs from passage 5 were employed for subsequent experiments. The doubling time (DT) was determined from the growth curves at 24, 48 and 72 hours, by using the Siegel's formula (Siegel et al., 2013) and Alamar blue spectrophotometric assay.
Preparation and characterization of porous PLGA and PLGA/HA scaffolds
Deproteinized bovine hydroxyapatite (HA) was prepared by sintering. The structure of the HA was confirmed by X-ray diffraction analysis and the results compared with International Centre for Diffraction Data (ICDD) PDF-2 database using the HighScore Plus software. The PLGA/HA composite material (1:3 proportion) was fabricated by a solvent casting/freeze drying/particulate leaching and pressure forming method. The PLGA/HA composite (PLA:PGA ¼ 50:50; Mw 24.000 to 38.000) blocks were formed into criovials, cut into 1-mm thickness and 5-mm-diameter sections and sterilized by UV-ray irradiation for 2 hours. PLGA scaffolds were prepared by a leaching method without HA particles. The microstructure and pore morphology of the scaffolds were characterized by Scanning Electron Microscopy (SEM). An X-ray diffractometer (XRD) was used to determine the phase structure of the PLGA and PLGA/HA scaffolds. 
Statistical analysis
Experimental results are shown as the mean AE standard deviation. The split plot statistical model was used for analyzing block data and multivariate analysis of variance (MANOVA) for semiparametric data. The statistical analysis was performed with R program. Differences were considered significant at p < 0.05.
Results
Isolation and characterization of hDPSCs
A heterogeneous cell population was obtained from extracted human dental pulp.
Under an inverted microscope, the cells obtained after 5 days of incubation were fibroblast-like and non-refringent and had well-defined spherical nuclei (Fig. 1A) . Fibroblast colony-forming units (CFU-F) typical of mesenchymal stem cells were also observed (Fig. 1B) .
The expression of surface antigens was assayed on cells after in vitro expansion, at passage 5, and compared with commercial human primary cells adipose derived mesenchymal stem cells (ASC) and bone marrow mesenchymal stem cells (BMSC). The hDPSC and BMSC populations showed high expression of CD105 marker, a type I membrane glycoprotein located on cell surfaces (91,7% and 97,38% respectively), all cells were highly positive for the surface antigen expression of CD73 a lymphocyte differentiation marker, hDPSC (73, 04%) with BMSC (97,62%) and ASC (89,79%).
The hDPSC and ASC showed low expression of CD45 (36, 98% and 32,11%) and were consistently negative for CD34 a marker for hematopoietic stem cells (Fig. 2) .
To evaluate the growth kinetics of hDPSCs in monolayers culture, doubling time was analyzed using the Siegel formula at 24, 48 and 72 hours (Siegel et al., 2013) . Based on the results, this mesenchymal cells tended to double their population in an average of 20.63 AE 5.05 hours.
Morphology of the PLGA/HA and PLGA scaffolds
Chemical analysis of HA revealed a Ca/P molar ratio of 1.58, which is compatible with natural calcium hydroxyapatites. The X ray diffraction analysis confirmed that HA displayed the characteristic profile of pure hydroxyapatite. The HA crystals revealed characteristic peaks in the XRD pattern that were consistent with JCDS 2001 (Joint Committee on Powder Diffraction Standards, ICDD e International Center for Diffraction Data). Ca 10 (PO 4 ) 6 (OH) 2 (01-074-0566) and Ca 5 (PO 4 ) 3 (OH) (01-073-0293) were the dominant phases in samples ( Figure 3A and B) (Wong-Ng et al., 2001 ).
The prepared PLGA (Fig. 3C ) and PLGA/HA scaffold (Fig. 3D) were observed by SEM. The inner structure of the two scaffolds showed a spongy interconnected porosity. However, the porosity of the PLGA constructs was lower than that of the PLGA/HA constructs. The pore in PLGA/HA scaffolds was uniform, and coherent, with diameters in the range of 10e311 mm. HA particles dispersed uniformly on the surface of the PLGA/HA scaffold. The sizes of HA particles range from 20 to 106 mm. In contrast, the PLGA scaffold was loose, irregular and had a larger average diameter. This difference in the inner structure of the scaffolds could be attributed to the presence of HA that promoted stabilization of its structure.
The EDX spectrum of scaffolds is illustrated in Fig. 3 . The presence of HA in the PLGA/HA scaffolds was confirmed by the appearance of characteristic peaks for calcium, phosphorous, and oxygen, which are the main components of hydroxyapatite (Fig. 3E) . Additional carbon peaks were also observed in the EDX spectra. These carbon peaks were attributed to the presence of PLGA (Fig. 3F) . The EDX spectra of PLGA scaffolds showed the expected pattern of oxygen and carbon, which are the main components of this polymer (Fig. 3E) . 
Behavior of dental pulp stem cells seeded in scaffolds
The in vitro cell response to the PLGA/HA and PLGA scaffolds was assessed in terms of cell adhesion, proliferation and osteogenic differentiation. Fig. 4 describes the SEM images of the hDPSCs that adhered to the PLGA scaffold (Fig. 4A, C and E) and PLGA/HA (Fig. 4B, D and F) at 7, 15 and 30 days in culture, respectively.
The SEM images reveal the bioactive properties of HA with a preferential formation of vesicles from cells on the PLGA/HA scaffolds ( Fig. 4B and D) in contrast to the PLGA-only scaffolds ( Fig. 4A and C) . At 7 days, the hDPSCs on the PLGA scaffolds developed short filopodia at their apical pole, spreading from lamellipodia, which is usually observed in fibroblast-like cells (Fig. 4A ).
As shown in Fig. 4 , we found that the formation of vesicles on the PLGA/HA scaffolds was better compared to formation on the PLGA only scaffolds, suggesting that HA is effective in accelerating the interaction and cell differentiation. The increase in vesicles formation of hDPSCs on the scaffolds was proportional to the incubation time; at longer periods of time, there were more vesicles on the PLGA/HA scaffolds (Fig. 4B, D and F) compared to that on PLGA only scaffolds (Fig. 4A, C and E) .
The difference in proliferation behavior of cells on scaffolds was determined by Alamar Blue assay. The cells cultured on the PLGA and PLGA/HA scaffolds for 7, 15 or 30 days revealed that cells can proliferate on the scaffolds. However, an increase in cell proliferation was observed on the PLGA/HA in basal medium compared to PLGA scaffolds, suggesting that HA is important for the osteogenic differentiation process (Fig. 5) .
The differentiation of mesenchymal stem cells on scaffolds is one of the key factors regarding bone regeneration. The mRNA expression of the genes RUNX2, ALP, OPN and COLI is considered an important tool for determining the differentiation of mesenchymal stem cells (osteogenesis). Fig. 6 shows the dendrogram and unsupervised hierarchical clustering heat map of expression of osteogenic markers in hDPSCs on the PLGA/HA and PLGA scaffolds compared with osteoblasts. The vertical distances on each branch of the dendrogram represent the degree of similarity between scaffolds types' gene expression profiles of these genes in hDPSCs cultured on the PLGA/HA and PLGA scaffolds for 30 days compared with osteoblasts. It is evident that the cells initiate the differentiation process at 7 days on PLGA/HA scaffolds by the high expression of RUNX2 in contrast with expression on PLGA only scaffolds. The gene expression of ALP was significantly up-regulated (p < 0.001) in PLGA/HA scaffold groups compared to that in PLGA-only cultures at day 15, whereas the expression of OPN, ALP and COLI was significantly up-regulated (p < 0.001) in PLGA/HA scaffolds compared to that in PLGA cultures at day 30.
The gene expression of the osteoblast-specific transcription factor RUNX2 at days 15 and 30 was down-regulated in the cells seeded in the PLGA/HA scaffolds but remained higher in the cells seeded in the PLGA scaffolds. 
Discussion
Current therapeutic approaches for lost bone tissue have included the use of grafts (autologous, homologous, and heterologous) and biomaterials but have not yet provided completely satisfactory results. Therefore, bone tissue engineering is a promising strategy that involves the use of osteogenic cells seeded on scaffolds that mimic the extracellular bone matrix and a progressive investigation in the design of these supports for bone tissue regeneration is needed (Cancedda et al., 2007; GeminiPiperni et al., 2014) .
The interaction between cells and biomaterial scaffolds is a complex process that is affected by numerous aspects such as cell behavior, material surface properties and environmental factors. To date, several groups have demonstrated that surface topography and chemical composition could drive cell adhesion, proliferation, migration and differentiation (D'Anto et al., 2016) .
The adhesion and proliferation of cells on scaffolds determine the initial success of the cell-scaffold interaction and influence the subsequent behavior of the target cells.
Therefore, the objective of this study was to evaluate the in vitro behavior of hDPSCs on PLGA scaffolds with and without hydroxyapatite (HA).
hDPSCs are a kind of mesenchymal stem cell with the potential for cell-mediated therapy and tissue engineering applications. Previous work has reported that hDPSCs have significant osteogenic differentiation ability for bone regeneration (Asutay et al., 2015; Khanna-Jain et al., 2012) .
PLGA is an FDA-approved, synthetic polymer that has been widely used for in vitro and in vivo bone regeneration studies because of its desirable mechanical properties, biocompatibility and biodegradability (Kim et al., 2013; Park et al., 2012) . Although its by-products, lactic and glycolic acid, can cause moderate local inflammation, its compatibility and biosafety in bone healing have been shown in both experimental and clinical studies (Baksh et al., 2007) . However, despite being biocompatible, clinical application of pure PLGA for bone regeneration is hampered by poor osteoconductivity and suboptimal mechanical properties. Therefore, PLGA is often used in combination with ceramics in order to make PLGA more biomimetic and able to enhance bone regeneration for tissue engineering and regenerative medicine applications (Pan and Ding, 2012) . HA is among the family of calcium phosphate-based bioceramics (Arahira and Todo, 2014; Miao et al., 2008) , due to its non-toxicity, bioactivity and osteoconductivity and the similarity of its chemical structure to that of nature bone minerals. The incorporation of HA into a polymer matrix is assumed to mimic the natural bone structure, enhance the cell growth response and improve the mechanical properties of scaffolds (Ao et al., 2017; Asutay et al., 2015) . In such strategies, the interaction between stem cells and the material applied as scaffold plays a critical role in the generation of a cell-friendly microenvironment, which must be conducive to the regeneration of dental structures (Conde et al., 2016) .
Flow cytometric analysis showed the typical immunophenotypic characterization of mesenchymal cells. Thus, our findings excluded any presence of primitive hematopoietic progenitors and are consistent with previously reported data (Atari et al., 2012) .
Morphology and structure of the pure PLGA and PLGA/HA scaffolds were observed under SEM, as shown in Fig. 3D . Both PLGA and PLGA/HA scaffolds showed an interconnected and highly porous structure. The diameter of these pores in the PLGA/HA scaffolds ranged from 10 to 311 mm in diameter, which is important for the bioresorbability of the material and plays an important role in the osteoconductivity of the scaffold (Penk et al., 2013) . The minimum recommended pore size for a bone substitute is 100 mm, but subsequent studies have shown better osteogenesis for substitutes with pores >300 mm (Dogan et al., 2014; Penk et al., 2013) .
The cell adhesion of hDPSCs seeded on PLGA and PLGA/HA scaffolds was evaluated by SEM. We observed that after 7 days, the cells had spread well, with an intimate contact with the surface of the PLGA/HA and PLGA scaffolds, and had migrated through the pores inside the cavities and were able to adhere to the wall of the pores. In addition, we observed differences in the formation of matrix vesicles among the scaffolds. In particular, while we observed matrix vesicles (MVs) after 7 days in hDPSCs cultured on PLGA/HA, these matrix vesicles were not observed until 15 days in hDPSCs seeded on PLGA only scaffolds. This result suggests that hDPSCs seeded on PLGA/HA scaffolds differentiate into osteoblasts faster than do hDPSCs seeded on PLGA only. These findings are consistent with those found in the study by Arahira and Todo, who evaluated the proliferation and differentiation of mesenchymal stem cell (hMSCs) on three-dimensional collagen/tricalcium phosphate b scaffolds. Using SEM, they observed the appearance of spherical structures on cells compatible with matrix vesicles and mineralization nodules produced by osteoblasts differentiated from hMSCs at 14 days of culture with osteogenic culture medium. At 21 days of culture, they observed structures of the extracellular matrix consistent with collagen fibers. Spherical structures were associated with vesicles of the matrix because they had a diameter of 40 to 200 nm and because these have been considered to play a fundamental role in the process of bone calcification (Arahira and Todo, 2014; Tatsuhiro et al., 2018) . Besides, the presence of HA crystals in the scaffold offers suitable mechanical proprieties, and roughness which can increase cell adhesion (Geckil et al., 2010; Lou et al., 2012) .
PLGA/HA scaffolds were well tolerated by the hDPSCs and did not affect the proliferation rate of cells which promotes the biocompatibility of scaffolds. The amount in the absorbance values in Alamar Blue assay demonstrated a statistically significant increase in hDPSCs and osteoblasts over the culture period. However, proliferation was greater in hDPSCs cultured in basal medium than it was in hDPSCs cultured in medium with osteogenic supplements. Cell proliferation was higher in the PLGA/HA scaffolds compared to that in the PLGA only scaffolds. This result agrees with Karadzic et al. (2015) , who evaluated cell proliferation in different scaffolds (HA, PLGA/HA, Alginate/HA, vinyl ethylene acetate/HA and Bio-oss) and found that proliferation was greater after 30 days in scaffolds composed of PLGA/ HA (Karadzic et al., 2015) . On the other hand, it has been described that precursor cells continue division before acquiring a fully differentiated state, while terminal differentiation usually coincides with proliferation arrest and permanent exit from the division cycle (Ruijtenberg and van den Heuvel, 2016) .
We noted interesting results regarding the time-dependent expression of bonerelated genes inside the hDPSCs constructs after initiating the 3D culture. The data obtained showed the expected expression profiles of the osteoblast phenotype.
Results showed an up-regulation of all osteogenic markers after day 14 and 30, compared to control hDPSCs. The gene expression of RUNX2, COL-I, OPN and ALP was higher in hDPSCs cultured with osteogenic medium on PLGA/HA scaffolds than hDPSCs cultured with osteogenic medium on PLGA only scaffolds.
Compared with osteoblasts, the hDPSC in the PLGA/HA constructs exhibited significantly up-regulation of RUNX2 expression on day 7 after culture initiation. Moreover, the expression of RUNX2 decreases after 15 and 30 days of culture suggesting that this gene is downregulated in mature osteoblasts (Komori, 2010) . Besides we found increase in expression of ALP, OPN, and COL-I marker genes in the middle-to-late stages of the osteoblast differentiation process until day 30 of the culture. These data are in agreement with the temporal gene expression demonstrated during osteogenesis (Kulterer et al., 2007) .
This result suggests that the process of osteoblastic differentiation of these cells occurs better on PLGA/HA scaffolds (p ¼ 0.038). This is probably due to hydroxyapatite, which has been reported to induce the expression of genes such as ALP, COL-I, OPN and RUNX2 (Aonuma et al., 2012; Balaji Raghavendran et al., 2014; He et al., 2016; Lin et al., 2009 ). RUNX2 is a transcription factor involved in osteoblastic differentiation and skeletal morphogenesis. It has been shown to affect the expression of type I collagen and OPN by binding to the promoters of these genes. RUNX2 and COL-I are known to be early markers of osteoblastic differentiation while OPN is involved in initiating mineralization and promoting mineral crystal formation during bone formation, but the highest expression is observed in mature osteoblasts at sites of bone remodeling. ALP appears to be intimately related to pre-osseous cellular metabolism and to the elaboration of a calcifying bone matrix (Ris et al., 1975) .
In addition, the characteristics of surface polymer phase and of the biocomposite, such as the level of hydration, surface tension, surface charge and topography, have a great influence on cell adhesion and proliferation (Arahira and Todo, 2014; Das and Zouani, 2014; Wang et al., 2012) . Our results suggest that the scaffolds used in this study were adequately designed with regard to their surface morphology, which allowed cell adhesion, proliferation and differentiation. However, the appearance of matrix vesicle-like structures in the hDPSCs seeded on PLGA/HA scaffolds with the complete culture medium may suggest that this biocomposite is bioactive and has an osteoconductivity and osteoinductive effect due to the presence of hydroxyapatite.
Conclusions
In conclusion, the in vitro data demonstrated that the PLGA/HA scaffold has suitable proprieties in supporting hDPSCs adhesion, proliferation and osteogenic differentiation. This biomaterial could be a promising candidate for bone tissue engineering and regenerative medicine applications. However, further studies are needed to more thoroughly evaluate the behavior of hDPSCs in vivo using this type of biocomposite.
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